To investigate the variability of the structure and evolution of meso-α-scale precipitation systems generated in the Baiu frontal zone, numerical experiments using a cloud-resolving non-hydrostatic model were performed with idealized Baiu-front-like environments. The environment was constructed based on hydrostatic and geostrophic balances, and temperature and relative humidity were designed by using Gaussian functions to realize the frontal structure and moist conveyor belt in the lower atmosphere. In order to generate meso-α-scale precipitation systems, temperature perturbation associated with a shallow depression was introduced. Long-lived band-shaped meso-α-scale precipitation systems with the internal multiscale structures as are often observed in the Baiu frontal zone were simulated under the given simplified environments. The variability of features of the meso-α-scale precipitation systems with respect to relative humidity in the middle troposphere in the Baiu frontal zone was examined as an example. The moister environment produced the more rainfall. Additionally, rainfall was intensified under a specific humidity condition.
Introduction
The Baiu frontal systems have multiscale structures (Ninomiya and Akiyama 1992) . A synoptic-scale Baiu frontal rainband consists of several meso-α-scale precipitation systems (depressions). A meso-α-scale precipitation system consists of several meso-β-scale precipitation systems. Many studies on meso-α-scale precipitation systems in the Baiu frontal zone have been performed in Japan because 3-24-hourly intense rainfall often induces hydrological disasters, mainly in the western part of Japan in June and July (e.g., Ninomiya et al. 1988; Seko et al. 2005) . Many heavy rainfalls have been recorded with successive generations of meso-β-scale precipitation systems within a meso-α-scale precipitation system, which has a half-day scale life span, as reported by Wakazuki et al. (2006) . A humid atmospheric condition (e.g., Kato 1998 ) and a cold-pool generation associated with drier air in the middle troposphere (e.g., Ishihara et al. 1995) are reported to play important roles in the intensification and maintenance of meso-a-and -b-scale precipitation systems. However, quantitative analyses for the features of precipitation systems with respect to the moisture of environment have not been sufficiently performed.
To investigate the variability of the structure and evolution of precipitation systems under various environments, idealized numerical experiments using cloud-resolving non-hydrostatic atmospheric models are required. There are many studies on meso-β-scale precipitation systems with idealized sensitive experiments from the viewpoints of vertical stability, vertical and horizontal wind shears, and cold-pool intensity (e.g., Fovell and Ogura 1989; LeMone et al. 1998; Seko 2000; McCaul et al. 2005; Takemi 2007 Takemi , 2008 . These studies used environmental structures designed by using simplified functions and configurations of physical processes. For meso-β-scale precipitation systems, which have life spans of a few to several hours, the Coriolis force is able to be ignored in the simulations.
On the other hand, there are few reports of idealized meso-α-scale precipitation system simulations in the mid-latitude. The Coriolis force is not negligible in those simulations. Additionally, many meso-α-scale precipitation systems have been observed with atmospheric fronts accompanied by the horizontal temperature gradient in the mid-latitude zone. Yanase and Niino (2005) and Baker et al. (2014) simulated polar lows and sting-jet cyclones, respectively, as sensitivity experiments under idealized atmospheric environments of temperature gradients with the geostrophic balance. These studies on idealized simulations are expected to be extended for meso-α-scale precipitation systems in the Baiu frontal zone by using advanced and useful formulations.
In this study, a Baiu-front-like idealized atmospheric environment is constructed using a small number of independent parameters that determine the characteristic features of the frontal structure based on the geostrophic balance. By using the constructed environment, a numerical model simulation and sensitivity experiments associated with humidity in the middle troposphere are performed to investigate the variability of features of the meso-α-scale precipitation systems affected by environmental structures.
Design of the Baiu frontal structure
Designing the structure of the Baiu front with simple functions is not easy because it has a complicated structure. In this study, an idealized Baiu-front-like structure on the pressure coordinate is formulated by following equations constructed based on the Gaussian and hyperbolic functions to express smooth spatial variations. Then, only simplified characteristic features of the Baiu front are picked up for the formulations. Table 1 shows the independent and dependent variables and tunable parameters used in this paper with their explanations. Most of their explanations are omitted in body of the paper.
First, temperature distribution is considered. A vertical temperature profile at the center of the Baiu front (T 0 ) is designed using a hyperbola-type function: 
The vertical distribution of T 0 is shown in Fig. 1a . The temperature is asymptotic toward a line of the constant lapse rate (G) in the lower atmosphere (Figs. 1a, b) . The meridional temperature gradient associated with the front structure is expressed by using the error function:
Numerical Experiments of Meso-α-Scale Precipitation Systems under Baiu-Front-Like Idealized Environments
The meridional and vertical distributions of R are shown in Figs. 1e, f, respectively. Five tunable parameters determine the structure: R x , R n , s R , H Rx , and H Rn . The depths of the high humidity zones (H R ) at the center of the Baiu front (H Rx ) and its southern (northern) side (HRn) can be configured differently in order to express the deep moist zone of the Baiu front and the extremely shallow moist zone on the southern side, respectively. The relative humidity shows meridionally symmetric distribution. On the other hand, the water vapor amount shows meridionally asymmetric distribution, and a higher temperature is accompanied by more water vapor. Third, zonal and meridional winds and geopotential fields are
where R e is the radius of the earth. dT is the temperature contrast between the northern and southern sides of the Baiu front. The meridional distributions of T and dT/df are shown in Fig. 1c . The magnitude of dT/df is the largest at f 0 . The depth of the Baiu front is shallow, and the top height is located around 700 hPa in many cases. Therefore, dT is constructed to be larger (smaller) in the lower (upper) troposphere using the Gaussian function as
The distribution of dT is shown in Fig. 1d . Seven tunable parameters determine the structure of temperature: T 00 , G, T t , p t , dT 0 , s T , and H T . Second, relative humidity becomes higher in the Baiu frontal zone. High relative humidity regions are concentrated in the lower atmosphere. The degree of concentration is different between the Baiu frontal zone and its southern (northern) side. Thus, relative humidity (R) is constructed using the Gaussian function: constructed. Once, zonal geostrophic wind at p 0 is assumed to be horizontally constant at u 0 . Geopotential at p 0 (F 0 ) is estimated by geostrophic balance:
where f is the Coriolis parameter depending on latitude. F 00 (F 0 at f 0 ) is used as the fixed condition of the meridional integration to estimate F 0 . The geopotential field is estimated by vertical integration of the virtual temperature (T v ) with hydrostatic equilibrium:
Zonal and meridional wind speeds are estimated by the geostrophic balance. Two tunable parameters determine the structure: u 0 and F 00 . Here, the meridional wind speed is zero. These designed variables are able to produce a stationary Baiu-front-like structure.
Fourth, temperature perturbations in association with a Baiu frontal disturbance (depression) are introduced in order to induce stationary meridional circulation which is needed for a long-lived intense rainfall event. A temperature perturbation (T ¢), which is added to Eq. (2), is designed: 
Four tunable parameters determine the disturbance: W, Z, T x , and p c . Figure 2 shows schematic structures of an introduced disturbance. A low geopotential height perturbation around 850 hPa and a positive temperature perturbation around 700 hPa are present on the western side. They are associated with the Baiu frontal depression and its warm core. A zonal antisymmetric pattern of the disturbance in which low (high) pressure is located on the western (eastern) part is observed. Consequently, a southerly geostrophic wind is introduced around 0 degrees longitude relative to the disturbance center only in the lower atmosphere. The southerly warm and moist inflow limited to the lower atmosphere emphasizes unstable stratification by the differential advection. By using the modified distribution of temperature, the distribution of geopotential is estimated again by
The F at the top of level (F top ) previously calculated in Eq. (6) is used as the upper boundary condition to estimate the distribution of renewed F. Zonal and meridional winds are estimated by the geostrophic balance. From Eqs.
(1)−(8), idealized Baiu-front-like environments are constructed with eighteen tunable parameters. In addition, the surface temperature should be estimated by extrapolation of the low-level temperature. An arbitrary specific surface temperature might be applicable although is not sufficiently examined. Hereafter, the method is called the Baiu-front-like geostrophic function (BGF) model.
Observed and applied Baiu front structure
Observed meridional structures of the Baiu front were analyzed. The left panels of Fig. 3 show a composite mean of observed meridional structures of temperature, relative humidity, and zonal wind speed. The target area used to identify the Baiu front was [25−35°N], [125−130°E] using initial data of from the MesoScale Model (MSM) operational forecast of the Japan Meteorological Agency. The detected Baiu front was defined by the two conditions introduced by Wakazuki et al. (2005) : (1) zonal wind speed averaged within a pressure level of 850−700 hPa and a given zonal range equal to or larger than 8 m s −1 and (2) relative humidity averaged within a pressure level of 600−500 hPa and a given zonal range equal to or larger than 70%. Among 3-hourly data, 1413 cases were detected within periods from May to July from 2006 to 2012. Here, the latitudinal center of the Baiu front is located at 30°N in Fig. 3 . A meridional temperature gradient in the lower atmosphere, the moist tongue (high relative humidity in the middle troposphere in the Baiu frontal zone), and the low-level jet were significantly identified. Large water vapor amount in the shallow layer on the southern side of the Baiu front was also observed (not shown).
The BGF model was applied to express the observed meridional structure of the Baiu front. The tunable parameters were con- figured to be values as shown in Table 1 . The tuned values were not determined in an objective manner, such as the maximum likelihood method, but subjectively to show patterns similar to the observation. The right panels of Fig. 3 , which show the meridional distributions of temperature, relative humidity, and zonal wind speed, were estimated by the BGF model. The features of the meridional temperature gradient, moist tongue, and low-level jet are roughly reproduced. Distributions of water vapor amount and equivalent potential temperature were also roughly reproduced (not shown). The reproducibility was not perfect because the distribution shapes are restricted to the features that can be expressed by the given functions. For example, an upper level jet (subtropical or subpolar jet) cannot be expressed by the BGF model.
A numerical model experiment
The atmospheric field constructed by the BGF model was used for initial and lateral boundary conditions of simulations with a non-hydrostatic cloud-resolving regional atmospheric model for which the Weather Research and Forecasting (WRF) model (Skamarock et al. 2008 ) version 3.4.1 was used. Two domains (one-way nesting) under the equirectangular map projection were used. For simulation of the outer domain (200×100 grids), a 20-km grid size, the specified southern and northern boundary conditions, and the cyclic western and eastern boundary conditions were selected. Additionally, the surface flux, planetary boundary layer, radiation, and cumulus parameterization (CP) schemes were switched off. The cloud microphysics scheme was WDM6 (Lim and Hong 2010) , which is a double-moment bulk scheme for cold rain processes. For simulation of the inner domain with the 5-km grid size (481×269 grids), lateral boundary conditions were given by the results of the outer domain. The cloud microphysics, surface flux, and planetary boundary layer schemes were switched on. A CP scheme is needed at least for the outer domain simulation in general. However, stationary structure were not maintained by generating the weak line-shaped rainfall on the southern side of the Baiu front with the Kain-Fritsch scheme (Kain 2004 ) in cases without disturbances (not shown). Therefore, outer domain simulations were performed without CP and used as the buffer of inner domain simulation. Inner domain simulation results were analyzed in the idealized experiments.
The parameters selected for the BGF model are shown in Table 1 . In tuning four parameters for a disturbance, the shallow top height of the depression and the magnitude of temperature perturbation were configured as are often observed. The horizontal scale was configured to be sufficiently wide for the southerly wind in the lower atmosphere to be almost even with a range of meso-α-scale. Therefore, the structure of the disturbance should not be compared carefully with that of Baiu frontal depressions often observed. Figure 4 shows temporal variations of rainfall amount and the maximum rainfall intensity and horizontal distributions of rainfall intensity, air temperature at 2-m height (T2), and wind velocities. A meso-α-scale precipitation system was simulated with a life span of around 18 hours and a spatial scale around 500 km. It was moving toward the east by the horizontal advection. Rainfall was caused around 9 hours later from the initial time, and intense rainfall was observed around 15 hours. The rainfall was followed by cold-pool expansion. The system had a band-shaped horizontal structure with a west-east directional orientation. The precipitation system consisted of many intense meso-β-scale rainbands orientated from south-southwest to north-northeast. The intense rainfall induced a cold-pool on the northern (downwind) side of the precipitation system. It was found that the cold-pool intensified rainfall by its divergent flow. The cold-pool spread widely and weakened in the later stage of the system. The structure shows some similarities to the multiscale structure of an observed Baiu frontal meso-α-scale precipitation system reported by Wakazuki et al. (2006) .
A sensitivity experiment for mid-level humidity
A sensitivity experiment for mid-level relative humidity in the Baiu frontal zone was performed. The control parameter is H Rx , which is associated with the depth of the Baiu frontal high relative humidity zone in the lower atmosphere. A large (small) H Rx corresponds to a moister (drier) condition. Figure 5a shows a scatter diagram of observed relative humidity between the middle and lower troposphere at the center of the Baiu front. Relative humidity in the middle troposphere shows variability from 70 to 100%, while the range in the lower atmosphere is mostly limited to over 90%. Therefore, a range of relative humidity in the middle troposphere of 70−92%, which corresponds to the H Rx range of 0.8−7.0 ln(Pa), was examined. Figure 5b shows that the moister environment produced the more rainfall. The relation seems to be associated with the fact that larger amount of water vapor supply to the precipitation system produces more rainfall. On the other hand, Fig. 5c shows that the moister environment produced more intense rainfall for an HRx range of 0.8−2.5 ln(Pa). The dry environment might be disadvantageous to intense rainfall in association with a dry air entrainment effect. However, the moister environment produced weaker rainfall for an H Rx range of 2.5−7.0 ln(Pa). The environment of H Rx around 2 (88% for relative humidity in the middle troposphere) produced the maximum of meso-β-scale rainfall intensity. Figure 6 shows time-latitude cross sections of the mean surface pressure perturbation and the maximum rainfall intensity with various values of H Rx . The intense rainfalls were observed around the forecast times of 15 hours. The life spans of the intense rainfalls were slightly longer for moister environment. The intense rainfalls moved toward the south with high pressure regions on the norther side. The high pressure regions corresponds to the cold-pools. The cold-pools followed intense rainfalls. A wider and more intense cold-pool was generated by the drier condition with longer time interval from the intense rainfall. On the other hand, a moister environment produced a significantly weaker cold-pool which was generated with a shorter time interval from the intense rainfall (Figs. 6e, f ) . Figure 6 shows that low pressures were observed around the intense rainfalls. In particular, the pressures where the maximum rainfall intensities were recorded 2 hours later were lower under the environment of H Rx around 2 (Figs. 5d, 6) . Thus, the enhancements of low pressures were considered to intensify rainfalls.
Conclusion and discussion
An idealized Baiu-front-like environment, including the features of the meridional gradients of temperature and water vapor amount in the lower atmosphere, the low-level jet, and the moist tongue, was constructed by using the Gaussian function with fourteen parameters. In addition, a functional meso-α-scale disturbance with four parameters was introduced in order to generate a meso-α-scale precipitation system by the unstable stratification due to the differential advection. A long-lived band-shaped meso-α-scale precipitation system with the internal multiscale structure as is often observed in the Baiu frontal zone was generated under the given simplified environment by the WRF model simulation. The role of a humid condition in the middle troposphere in the Baiu frontal zone was examined using sensitivity experiments. The environment of relative humidity in the middle troposphere around 88% produced the most intense rainfall in association with the enhancement of low-pressure, while the moister environment produced the more rainfall. This feature for meso-α-scale precipitation systems has not been reported previously. Further investigations for the enhancement mechanisms of rainfalls and low-pressures are required in the future. Water vapor supply is (d) were estimated from the grid data which were smoothed by averaging with the temporal and spatial ranges of 2 hours and 2 degrees, respectively. Relative humidity values averaged within the pressure levels of 600−500 hPa at the Baiu front center corresponding to the given values of H Rx are shown in the horizontal axis. Fig. 6 . Time-latitude cross sections of the mean surface pressure perturbations from the initial states (shaded) and the maximum rainfall intensity (contours) within the longitudinal range of 1−6 degree for cases that the values of H Rx (relative humidity averaged within a pressure level of 600− 500 hPa at the center of the Baiu front with the unit of %) are (a) 0.8 (69.4), (b) 1.0 (76.8), (c) 1.4 (83.9), (d) 2.0 (87.9), (e) 3.5 (90.6), and (f ) 6.0 (91.5). They were estimated from the grid data which were smoothed by averaging with the temporal and spatial ranges of 1 hour and 1 degree, respectively.
important for the intensification of rainfall. Additionally, a weak dryness in the middle troposphere might be important in association with a convective instability.
The introduced formulations are not unique expressions. For example, Baker et al. (2014) formulated a zonal wind field instead of a temperature field, and the temperature was diagnostically estimated based on the geostrophic balance. Additionally, the constructed method and the performed experiments include various areas of incompleteness. The 5-km grid size would be too coarse to produce realistic cumulus convections. Some atmospheric features are not included in the BGF model, such as a jet structure in the upper troposphere and a meridional shear of zonal wind speed in the lower atmosphere. These features would be applicable when introducing additional functions in the future.
